The mass sensitivity of the vibration-rotation-inversion transitions of H 3 16 O + , H 3 18 O + , and D 3 16 O + is investigated variationally using the nuclear motion program TROVE (Yurchenko, Thiel & Jensen 2007) . The calculations utilize new high-level ab initio potential energy and dipole moment surfaces. Along with the mass dependence, frequency data and Einstein A coefficients are computed for all transitions probed. Particular attention is paid to the ∆|k| = 3 and ∆|k − l| = 3 transitions comprising the accidentally coinciding |J, K = 0, v 2 = 0 + and |J, K = 3, v 2 = 0 − rotation-inversion energy levels. The newly computed probes exhibit sensitivities comparable to their ammonia and methanol counterparts, thus demonstrating their potential for testing the cosmological stability of the proton-to-electron mass ratio. The theoretical TROVE results are in close agreement with sensitivities obtained using the nonrigid and rigid inverter approximate models, confirming that the ab initio theory used in the present study is adequate.
INTRODUCTION
The hydronium cation (H3O + ) is one of the key molecular ions for inferring properties of the interstellar medium, particularly for constraining the cosmic-ray ionization rate of atomic and molecular hydrogen (see Indriolo et al. (2015) and references therein). Knowledge of such parameters is of astrophysical importance, and as a result, H3O
+ is one of the most searched for galactic and extragalactic interstellar molecules (Hollis et al. 1986; Wootten et al. 1986 Wootten et al. , 1991 Phillips, van Dishoeck & Keene 1992; Boreiko & Betz 1993; Goicoechea & Cernicharo 2001; van der Tak et al. 2006 ; van der Tak, Aalto & Meijerink 2008; Gerin et al. 2010; Gupta et al. 2010; Aalto et al. 2011; González-Alfonso et al. 2013 ; Lis et al. 2014 ). Since H3O
+ formation requires
The corresponding author: spirko@marge.uochb.cas.cz presence of H2O, and the chemical relation between H3O + and H2O is well-understood, H3O + can serve as an excellent proxy for H2O, which is often hard to observe directly (Timmermann et al. 1996) .
Similar to the ammonia molecule, H3O
+ has several far infrared (FIR) and submillimetre transitions that are particularly sensitive to the proton-to-electron mass ratio µ (Kozlov & Levshakov 2011; Kozlov, Porsev & Reimers 2011) . The most robust constraint on a variable µ has recently been determined using methanol absorption spectra observed in the lensing galaxy PKS1830−211 (Kanekar et al. 2015) . The three measured lines possessed sensitivities differing by ∆T = 6.4, where T is the sensitivity coefficient of a transition. In principle then, hydronium is capable of being used exclusively to constrain a possible variation in the proton-to-electron mass ratio, thus avoiding certain systematic errors which arise when using transitions from different (Flambaum & Kozlov 2007; Murphy et al. 2008; Henkel et al. 2009; Kanekar 2011) .
A small number of pure inversion and rotation-inversion transitions in the ground vibrational state of H3O + were originally investigated by Kozlov & Levshakov (2011) . However the calculated sensitivity coefficients were overestimated and new values have been computed for H3O
+ , along with the isotopologues H2DO + , HD2O + , and D3O + (Kozlov, Porsev & Reimers 2011). Given the astronomical relevance of H3O + , and a good representative set of accurately measured experimental data (Uy, White & Oka 1997; Tang & Oka 1999; Araki, Ozeki & Saito 1999; Furuya & Saito 2005; Yu et al. 2009; Yu & Pearson 2014) , we find it worthwhile to carry out a comprehensive study of hydronium, H3
16 O + (also referred to as H3O + ), and its two symmetric top isotopologues, H3
18 O + and D3 16 O + . To do this we employ a highly accurate variational approach, which was recently applied to ammonia (Owens et al. 2015) . Like NH3 (Jansen, Bethlem & Ubachs 2014; Špirko 2014; Owens et al. 2015) , there is a possibility to find transitions with strongly anomalous sensitivities caused by the ∆k = ±3 interactions (see Papoušek et al. (1986) ), which have not yet been considered.
VARIATIONAL APPROACH
To calculate sensitivity coefficients we follow the same approach that was employed for ammonia (Owens et al. 2015) . The key assumption is that all baryonic matter may be treated equally (Dent 2007) , and so µ is assumed to be proportional to the molecular mass. One can then use suitably scaled values for the mass of hydronium and perform a series of calculations, from which numerical values of the required derivatives, dE/dµ, can be obtained. The sensitivity coefficient T u,l is defined as
where Eu and E l refer to the energy of the upper and lower state, respectively. The resulting sensitivities can then be used to determine the induced frequency shift of a probed transition, given by the expression
where ∆ν = ν obs − ν0 is the change in the frequency, and ∆µ = µ obs − µ0 is the change in µ, both with respect to their present day values ν0 and µ0. Calculations were carried out using the nuclear motion code TROVE (Yurchenko, Thiel & Jensen 2007) . To compute ro-vibrational transitions and corresponding intensities (Yurchenko et al. 2009 ), TROVE requires as input a potential energy surface (PES) and dipole moment surface (DMS). For the present study, new high-level ab initio PES and DMS have been utilized. A detailed description of these will be reported elsewhere (Polyansky & Ovsyannikov (in preparation) ). Here we only provide a summary of the ab initio calculations used to generate the respective surfaces.
The PES was computed at the all-electron multireference configuration interaction (MRCI) level of theory using the core-valence-weighted basis sets, aug-cc-pwCVQZ and aug-cc-pwCV5Z. A two-point formula was applied to extrapolate the electronic energy to the complete basis set (CBS) limit. Additional complete-active-space and relativistic corrections were also incorporated into the PES. For the DMS, the MRCI/aug-cc-pwCV5Z level of theory was used, which is known to produce reliable line intensities (Polyansky et al. 2015) .
To demonstrate that our variational calculations are robust, we also employ a perturbative nonrigid-inverter (NRI) theory approach (Špirko 1983), which has previously been used to investigate ammonia (Špirko 2014; Owens et al. 2015) . The NRI potential energy function for hydronium (Špirko & Kraemer 1989) was upgraded by fitting to a much broader set of experimental data.
RESULTS AND DISCUSSION
The results are illustrated in Figures 1 to 4, with detailed tables provided as supplementary material (extracts of the tables are presented in Tables 1-11 ). In Fig. 1 , the rotational dependence of the sensitivities for the inversion transitions in the ground vibrational state of H3
16 O + and H3 18 O + is shown. The non-smooth behaviour of the (J, K = 3) transitions is caused by the ∆k = ±3 interactions (for details see Belov et al. (1980) ). For D3
16 O + the sensitivities display a very similar, albeit smoother trend.
More encouraging are the low J rotation-inversion transitions displayed in Fig. 2 , of which a large number have been observed experimentally in both laboratory (Yu & Pearson 2014; Furuya & Saito 2005) , and astronomical (Wootten et al. 1991; Phillips, van 16 O + sensitivities and should not be used in future studies.
The ∆k = ±3 interactions give rise to several 'forbidden' ro-vibrational combination differences of the ν3 band (see Fig. 3 ). The most sensitive of these are presented in ∆T = 25.934 , is comparable to the most stringent limit on µ obtained using methanol, which utilized transitions with ∆T = 31.8 (Bagdonaite et al. 2013 ). However, it should be noted that this constraint has recently been deemed unreliable, and subsequently replaced by a more robust value which employed methanol transitions with ∆T = 6.4 (Kanekar et al. 2015) . Despite available ex- perimental data (Araki, Ozeki & Saito 1999) , the D3
16 O + counterparts of these combination differences do not appear to be of any real use, with sensitivities around T = −1.006 (see supplementary material for more detail).
CONCLUSION
A robust variational study of the vibration-rotationinversion transitions of H3 16 O + , H3 18 O + , and D3 16 O + has been carried out. We hope that by providing theoretical frequency data and Einstein A coefficients, future laboratory and astronomical observations can be tailored to measure transitions which possess sizeable sensitivities. The astrophysical importance of hydronium suggests that this is a realistic prospect. Emphasis should be placed on the 'forbidden' combination differences of the ν3 band, since several of the corresponding transitions have already been experimentally measured (Uy, White & Oka 1997). The + 0 combination differences are separated by ∆T = 25.934. This is around four times larger than the ∆T of the methanol transitions recently used to determine the most reliable constraint on a possible variation in the proton-to-electron mass ratio (Kanekar et al. 2015) .
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